Cerebrospinal fluid (CSF) culture can determine a quantitative viability of Cryptococcus yeasts; however, culture has a long turnaround-time. The TC20 automated cell counter (Bio-Rad) is a benchtop instrument used to count cells in 30 seconds. In vitro studies suggest trypan blue staining can distinguish between viable and dead cryptococcal yeasts. We hypothesized that trypan blue staining with automated cell counting may provide rapid quantification of viable CSF Cryptococcus yeasts. In sum, 96 HIV-infected participants with cryptococcal meningitis were enrolled and provided 194 CSF specimens in Kampala, Uganda. Cryptococcosis was diagnosed by CSF cryptococcal antigen (CRAG). CSF was stained with trypan blue and quantified yeasts with the TC20 cell counter. We compared the log 10 transformed cell counter readings with gating of 4-10 µm versus log 10 quantitative Cryptococcus cultures/ml. TC20 showed more positive results (95.4%) overall than culture (78.4%) with reference to CSF CRAG. TC20 had higher readings compared to culture in most cases with only a 25% level of agreement between the two methods. TC20 had a poor correlation to culture throughout the 14 days of antifungal therapy. The median of log 10 transformed counts were 5.22 (IQR = 4.79-5.44) for the TC20 and 3.99 (IQR = 2.59-5.14) for culture. Overall, a linear regression showed no significant relationship between the TC20 and culture (r = −0.0025; P = .92). TC20 automated cell 
Introduction
Cryptococcal meningitis is a fatal disease accounting for 15-20% of AIDS-related deaths, with the majority occurring in sub-Saharan Africa. [1] [2] [3] Fungal culture is currently the only validated method of determining CSF sterility. 4 However, culture has a long turnaround-time of up to 10-14 days, which makes culture untenable for real-time clinical decision making for initial meningitis and to differentiate between immune reconstitution inflammatory syndrome (IRIS) and culture-positive relapse. 5 The TC20 automated cell counter (Bio-Rad Inc, Hercules, California) is a benchtop instrument used to count mammalian cells in a single step. The instrument has an inbuilt autofocus technology and digital image analysis algorithm that provides automated cell counts within 30 seconds. The instrument provides cell counts for suspensions at concentrations within the range of 5 × 10 4 to 1 × 10 7 cells/ml and for cells within the range of 6-50 µm cell diameter. When trypan blue is included, the TC20 can automatically detect and assesses cell viability via trypan blue exclusion. For samples with mixed cell populations, the user can define the cell population of interest by adjusting the cell size of interest by gating. Previous studies have shown that the TC20 performance is comparable or even better than the hemocytometer with manual counting. 6 Similarly, recent studies suggest utility of trypan blue stain in distinguishing between viable and dead Cryptococcus yeasts. 7 In the current study, we used the TC20 to count viable Cryptococcus yeasts in fresh whole CSF in comparison to quantitative fungal cultures in a clinical setting. We hypothesized that the TC20 may give automated counts, which may be approximately predictive of the quantitative CSF culture result when used with trypan blue staining.
Methods

Study population and eEthical statement
The study population included sequential persons diagnosed with cryptococcal meningitis by CSF cryptococcal antigen (CRAG) lateral flow assay (Immy, Norman, Oklahoma) at Mulago National Referral Hospital in Kampala, Uganda, during the "Adjunctive Sertraline for the Treatment of HIV-Associated Cryptococcal Meningitis" (ASTRO-CM) pilot study. 8 
Study procedures
In this current study, ASTRO participants with a positive CSF CRAG were included after written informed consent. Symptomatic HIV-infected persons being managed for cryptococcal meningitis on the infectious disease ward had lumbar punctures performed at serial time points. CSF was stained with trypan blue and quantified yeasts with the TC20 automated cell counter to estimate the number of viable cryptococcal cells per milliliter subtracting the number of CSF white cells per milliliter. Fungal cultures on whole CSF were performed and incubated at 30
• C for up to 10 days on Sabouraud dextrose agar. 9 Cultures were recorded as colony forming units per milliliter (cfu/ml). The number of viable Cryptococcus yeasts per milliliter in the TC20 was compared to quantitative number of cfu/ml by fungal culture.
Preliminary validation tests/studies
Before comparing the TC20 to the gold standard (culture), cell counts were performed on randomly selected CRAG positive CSF samples to estimate the optimal size/gating for most yeast cells. Repeatability tests were performed for precision, recording four observations for each sample by the same reader and machine without removing the slide from the machine. These precision experiments were performed "without gating" (n = 10) and with a gating of 4-10 µm (n = 50). In addition, fungal medium was prepared containing Sabouraud dextrose agar, chloramphenicol, and trypan blue stain. Known cryptococcal isolates were cultured on this medium to check whether viable yeast cells would take up the trypan blue stain.
TC20 automated counting
For this procedure, a 1:2 dilution of fresh, whole CSF was made in 0.4% trypan blue stain in a cryovial (10 µl of CSF added to 10 µl of trypan blue). Ten microliters of the mixture were then loaded into the opening of the TC20 counting slide. The slide was then inserted into the TC20 instrument. The cell counter automatically detects the presence of the counting slide and initiates the count. A gating of 4-10 µm was selected as optimal for cryptococcal cells based on preliminary validation studies performed. Cells were counted within 5 minutes of mixing trypan blue. Images of cells counted were automatically saved on a USB drive inserted in the machine. Captured images were later analyzed using the TC20 data analyzer software.
Quantitative fungal cultures
Quantitative cryptococcal cultures were performed on whole CSF using four 10-fold serial dilutions and the growth recorded as CFU/ml. 9 Cryptococcal culture plates were incubated at 30
• C for up to 10 days on Sabouraud dextrose agar with chloramphenicol.
Statistical analysis
Statistical analysis was aimed at establishing the reliability, level of agreement and deviation of TC20 (viable cells/ml) compared to quantitative cryptococcal cultures (CFU/ml) as well as the determination of CSF sterility at 95% confidence interval (CI). Data were analyzed using STATA version 13 (STATA, College Station, Texas). pants, 67% (60/90) had < 5 white cells/µl in CSF at diagnosis.
Results
Study population characteristics
Distinguishing Cryptococcus viability
At the beginning of the study, we incubated three cryptococcal isolates (0.5 McFarland concentration) at 55
• C for 24 hours to heat kill the yeast cells. The heat killed cells were then treated with 0.4% trypan blue stain. The heat killed cells took up the stain, while yeasts in similar preparations left at room temperature did not take up the trypan blue stain. Similarly, we treated one cryptococcal isolate with amphotericin B for 24 hours to kill the yeasts with an antifungal agent. The isolate treated with amphotericin B, when mixed with trypan and observed under a light microscope, showed that 98% of the cells were live and not killed by the antifungal treatment. Medium was prepared containing Sabouraud dextrose agar, chloramphenicol, and trypan blue on which we subcultured cryptococcal isolates. These grew dark blue colonies (Fig. 1A) . However, when viewed in a wet preparation, it showed that all the cells from the dark blue colonies were viable, and none had taken up the stain.
Determining the optimal gating for yeast counting
Without the user defining the cell population of interest, the instrument automatically decides what population of cells to count. Therefore, we first performed cell counts on randomly selected CRAG positive CSF samples (n = 16) without defining the population of interest. On the same samples, cells were counted using a gating of 4-10 µm and 4-25 µm. We observed no difference in the readings for the 4-10 µm and 4-25 µm gatings. Using the TC20 data analyzer software, it was discovered that for all gatings, there were cell populations ranging in 5-20 µm. However. for each sample, more than 95% of the yeast cells had a diameter of 5-7 µm. Based on the same software, each sample had more dead cells than live cells. In some images, cells beyond 10 µm counted seemed to be debris (Fig. 1B) . Therefore, in all preceding validation tests, we decided to use a gating of 4-10 µm as the optimal size for cryptococcal cells.
Repeatability and precision
Repeatability tests were performed, recording four observations (live cell count) for each sample by the same reader without removing the slide from the instrument "without gating" (n = 10). A repeated measures ANOVA analysis indicated a significant correlation among the four readings within each sample (r = 0.9721, P < .001). We then tested for random effects, and there was no significant difference among the four readings within each sample (P = .63). Similarly, repeatability tests were performed, recording four observations (live cell count) for each sample by the same reader without removing the slide from the instrument, using a gating of "4-10 µm" (n = 50). A repeated measures ANOVA analysis indicated a significant correlation among the four readings within each sample (r = 0.9499; P < .001). We then tested for random effects, and there was a borderline significant difference among the four readings within each sample (P = .045).
TC20 versus quantitative fungal cultures
Log 10 transformed readings of the TC20 (live cells/ml) were compared at a gating of 4-10 µm to quantitative fungal cultures (gold standard) (CFU/ml). Overall, the median of log 10 transformed counts were 5.22 (n = 178; IQR = 4.79-5.44; max = 6.15) for the TC20 and 3.99 (n = 151; IQR = 2.59-5.14; max = 7.71) for positive cultures. Among the 194 CRAG positive CSF samples which were longitudinally collected during antifungal therapy, TC20
had more positive readings (95.4%) than culture (78.4%). There was no statistical correlation between the TC20 reading and quantitative culture at day 1 (R 2 = 0.39, P = .77), day 3 (R 2 = 0.066, P = .79), day 7 (R 2 = −0.025, P = .96), or day 14 (R 2 = −0.27, P = .61) of amphotericin B combination therapy (Fig. 2 ). There was a significant difference in the means of counts between TC20 and culture (difference 1.30, 95% CI 1.03 to 1.58 log 10 CFU/ml, P < .001). Even among day 1 readings, among persons with CSF < 5 white cells/µl (n = 23), the correlation was poor (R 2 = 0.3703, P = .082). Furthermore, there was no significant association between the TC20 readings and quantitative culture by linear regression (r = −0.0025; 95% CI, −0.0513 to 0.4633; P = .92). We then compared the yeast counts at the initial diagnostic lumbar puncture versus the follow up counts at time of therapeutic lumbar punctures. With amphotericin therapy, quantitative CSF cultures declined over time (P < .001). Yet the mean automated TC20 cell counts did not decline between the initial diagnostic CSF specimen and other therapeutic lumbar punctures even with use of the trypan blue staining (P = .88). When compared to the baseline CSF opening pressures (n = 54), there was no significant relationship between the TC20 and opening pressure (P = .88). However, there was a significant relationship between culture and opening pressure (R 2 = 0.34, P = .011, 95% CI).
Discussion
The TC20 automated cell counter did not predict the outcome of quantitative cell culture. In the current study, we worked on the principle that viable cryptococcal yeasts do not take up trypan blue stain, while dead yeasts take up the stain based on our initial validation tests. This is supported by a recent publication that used C. neoformans var. grubii strain H99. 7 However, we could not explain why cells treated with amphotericin B remained viable at 24 hours. Another paper published in 1974 used fungal medium with antibiotics and trypan blue to culture Cryptococcus and Candida albicans. Cryptococcus showed dark blue colonies (indicating uptake of the stain by the cells), while C. albicans showed light/white colonies. The authors concluded that viable cryptococcal yeasts can take up the trypan blue stain. 10 This would explain the high percentage of dead cells recorded in each sample using the TC20. However, when we reproduced this experiment in our laboratory, microscopy results of the dark blue colonies in a wet preparation showed that all the cells were viable and none had taken up the stain. It seemed that the stain just made a top coating, but the viable cryptococcal cells did not take up the trypan blue stain. Based on our analysis with the TC20 data analysis software, there were cell populations ranging in 5-20 µm. This agrees with most literature that gives a wide range of the cell sizes typical of Cryptococcus.
11 This is why in our preliminary tests we used a gating of 4-10 µm, 4-25 µm, and without gating. The TC20 instrument had a lower limit of 4 µm, so the 4-10 µm gating was chosen as optimal for most yeast cells using the TC20 since more than 95% of the yeast had a cell body diameter of 5-7 µm (excluding the capsule). Previous work in a similar population at Mulago Hospital showed an ex vivo total cell diameter of 16.1 µm (IQR = 10.3-29.8; n = 122) for cryptococcal cells including the capsule. 11 Analysis of images from the TC20 machine showed that each sample had more dead cells than live cells. In some images, counted cells that were bigger than 10 µm seemed to be debris but not yeast cells. We assumed that some white blood cells also fell in the same category. Similarly, some cells were not counted by the instrument. They were probably read as debris. To eliminate the effect due to white blood cells, we tried to increase the gating to 20-50 µm. We also tried a 1:10 dilution of the CSF samples. However, these two procedures did not give any useful information and all counts were zero. Repeatability tests on the TC20 showed that there were no significant differences among the four readings, with a high consistence. When compared to quantitative cryptococcal cultures, it showed that the TC20 had higher readings compared to culture in most cases with only 25% of the samples having the exact count between the two methods. However, there was a statistically significant difference (P = .001) between the two methods. We found a weak correlation between the TC20 and culture which worsened with increasing doses of amphotericin therapy. Only culture had a significant relationship with CSF opening pressures at baseline (P = .011). Similarly, culture (P < .001) had a significant difference between the means of counts at baseline and other therapeutic lumbar punctures. Among the samples with no culture growth (n = 42), only six (14.3%) had zero counts with the TC20. The TC20 counts ranged in 0-316,000 (cells/ml) among these 42 samples. A recently published bulletin (Bio-Rad bulletin 6003) compared the TC20 to the hemocytometer using HeLa cells; and reported that automated cell counting could significantly reduce both user and concentration-dependent variances while reducing the turn-around time. 6 
Study limitations
The major limitation to the study that we could not overlook was that the instrument may not have the ability to distinguish between yeast cells and other related cells or debris of the same size. However, since we were dealing with a sterile fluid collected aseptically, we assume the effect due to this was minimal. In addition, cells that had a diameter less than 4 µm could have been missed since the lower limit of the machine was 4 µm. This cell size would be uncommon for Cryptococcus. 11 Based on the analyzed images, some cells were actually not counted by the instrument, probably seen as debris and/or confused by the capsule. This could also have affected the results. Only trypan blue viability was tested with the TC20 cell counter and it remains possible that other viability stains may work with the TC20.
In conclusion, the TC20 automated cell counter was not a replacement for quantitative culture. More studies are needed to explore the utility of simple, low cost methods to rapidly determine fungal burden which can guide therapy more rapidly than waiting for quantitative culture growth.
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